Abstract-AC-to-DC converters based on one-cycle control exhibit instability in current control at light load conditions as well as when they are operating in the inverting mode. In this paper, a modified one-cycle controller for bidirectional ac-to-dc converter is proposed. A fictitious current component in phase with the utility voltage is synthesized. The sum of this current component and the actual load current is compared with the sawtooth waveform to generate the gating pulses for the switches. This modification not only renders stability to the converter at light load conditions and the inverting mode of operations but also enables the converter to seamlessly transfer its operation from the rectifying mode to the inverting mode and vice versa. Detailed simulation studies are carried out to verify the effectiveness of the proposed scheme. To validate the viability of the scheme, detailed experimental studies are carried out on a 2-kW laboratory prototype.
Total averaged power over one-half ac line period.
Averaged dc link output voltage over one-half ac line period.
Average current over one-half ac line period. r 2 Converter output load incremental resistance.
P Total
Total output power. K P Proportional gain. K I Integral gain. f S Converter switching frequency.
I. INTRODUCTION
T RADITIONALLY, diode rectifiers or thyristor bridge converters were employed to synthesize dc voltage from the ac utility. These rectifiers pollute the utility with low-order harmonics, which are difficult to filter. Pulsewidth modulation (PWM) converters are employed to overcome this problem. These converters shift the frequency of the dominant harmonics to a higher value, so that they can be easily filtered by employing a small passive filter [1] , [2] . The PWM bidirectional converter draws a near-sinusoidal input current while providing a regulated output dc voltage and can operate in the first and second quadrants of the voltage-current plane [3] .
Generally, the control structure of a three-phase six-switch PWM boost converter consists of an inner current control loop and an outer voltage control loop [4] - [15] . The current controller senses the input current and compares it with a sinusoidal current reference. To obtain this current reference, the phase information of the utility voltages or current is required. Generally, this information is obtained by employing either a phase-locked loop (PLL) or a current phase observer digital technique [9] - [15] . To simplify the control structure of these grid-connected systems, one-cycle-control (OCC) based ac-to-dc converters have been proposed [5] - [7] , [16] - [20] . This control technique does not require the service of the PLL. Moreover, in these schemes, the switching frequency of the power semiconductor devices is held constant, which is an added advantage for medium-and high-power applications. However, the schemes based on OCC exhibit instability in operation when the magnitude of the load current falls below a certain level or when the converter is operating in the inverting mode of operation [5] , [16] - [19] , [29] .
In this paper, a modified one-cycle controller for ac-to-dc bidirectional boost converter is proposed. This control scheme not only addresses the aforementioned limitation but also can seamlessly transfer the mode of operation from rectifying to inverting and vice versa. This is realized using only dc link voltage information. In this technique, three fictitious current signals, which are proportional to the respective phase voltages and in phase with three utility voltages, are synthesized. These current signals are added to the actual source current signals, and their sum is compared with the sawtooth waveform to generate gating pulses for the converter switches. The proposed technique requires neither the knowledge of 60
• angular sectors of input voltage nor the service of additional multiplexers, gate distribution logic, and other additional analog and digital logic circuits, as in [6] , [7] , and [29] . Moreover, it does not need to select positive and negative peak voltages as reference current vectors, as required in [16] . Detailed simulation studies are carried out to verify the effectiveness of the proposed scheme. The viability of the scheme has been ascertained by performing extensive experimental studies on a 2-kW laboratory prototype.
II. ONE-CYCLE CONTROLLED AC-TO-DC CONVERTER
To understand the principle of operation of the proposed OCC-based ac-to-dc converter, first, the basic one-cycle controlled ac-to-dc converter presented in [17] is explained. The schematic power circuit diagrams of single-phase full-bridge and three-phase six-switch boost bidirectional converters are shown in Figs. 1 and 2 , respectively. The control block diagram of the scheme for the single-phase full-bridge converter is shown in Fig. 3 synthesized. This is achieved by integrating the signal V M with a time constant T i so that
where T S is the time period of clock pulses, which resets the integrator. The switching frequency of the converter devices is the same as that of the frequency of the clock pulses.
At every rising edge of the clock pulse, switches S 2 and S 4 are turned on, and the source (inductor) current increases. The expression for the rising slope K 1 of the sensed source current signal is given as follows:
where v S is the utility voltage, and L is the magnitude of the boost inductor. The output of the comparator, which compares the inductor current with the sawtooth waveform, determines the turnoff instant of S 2 and S 4 , and the turn-on instant of S 1 and S 3 . When S 1 and S 3 are turned on, the sensed boost inductor current signal falls with a slope K 2 . The value of the slope is given as follows:
Fig . 4 shows the logic used to generate the switching signals by comparing the sawtooth waveform with the source current, wherein d is the duty ratio of S 2 and S 4 . The control equation for the converter as given in [17] is presented as follows: It is also shown in [17] that the expression for the peak value of current in each switching cycle is
where R s is the gain of the source current sensor. It can be inferred from (4) that the source current is proportional to the source voltage and, hence, is in phase with it. The approximate value of power handled by the converter is given by
where V S is the rms value of the source voltage. As V M , V O , and R s are constants for a given steady-state condition, therefore, i S can be expressed as
wherein
Hence, R e represents the effective or emulated resistance that the converter is offering to the utility. The principle of operation of the controller for a three-phase converter shown in Fig. 5 is similar to that of the single-phase converter [16] . In this case, the phase currents are given by
and the approximate value of the power handled by the threephase converter is given by where V S is the rms magnitude of the phase voltage. It can be concluded from (8) that the respective phase currents and voltages are in phase. The derivations for (8) and (9) are provided in Appendix I.
III. CRITERION FOR CURRENT CONTROLLABILITY
It can be inferred from Fig. 4 that if the falling slope K 2 > K 3 , the source current fails to intersect with the carrier sawtooth waveform in the subsequent cycles, and the system becomes unstable. From 
where the subscript N represents the N th cycle, N + 1 represents the (N + 1)th cycle, and
where T i is the time constant of the integrator. Therefore
The combination of (10)- (12) yields the stability criterion as follows:
or
The signal V M is proportional to the magnitude of power negotiated by the converter as shown in (5) and (9). Therefore, as the load on the converter falls below the limiting value so that the inequality of (14) is no longer being satisfied, the operation becomes unstable. Therefore, combining (5) and (14), the criterion for stable operation can be expressed as
The criterion for stability depicted in (14) remains the same for the three-phase case where v S is the phase voltage [16] .
IV. MODIFIED ONE-CYCLE CONTROLLER

A. Single-Phase Case
The schematic control block diagram of the modified onecycle controller for the single-phase case is shown in Fig. 6 . A fictitious current, i F , proportional to the source voltage v S is generated by multiplying the sensed source voltage by a gain 1/R F . The signal i F R s is then added to the sensed source current to obtain the signal i 0 R s . The signal i 0 R s is then compared with the carrier sawtooth waveform to obtain the switching instants for the devices S 1 to S 4 . Therefore, in the modified one-cycle controller, instead of the signal i S R s , the signal i 0 R s is compared with the carrier sawtooth waveform, and the rest of the controller structure remains the same as that of the controller shown in Fig. 3 . The logic used to generate switching signals by comparing the sawtooth waveform with Fig. 7 . Hence, the control equations (3) and (4) get modified for the proposed controller as follows: or
Therefore
Combining (14) and (19) , the criterion for stable operation can be derived to be (20) and the effective emulated resistance as offered by the controller is given by
Hence, by choosing a suitable value of R F based on (20) , the system can be made to stably operate even when the converter is operating on no load (R e = ∞) or when the converter is operating in the inverting mode (R e = −ve).
B. Three-Phase Case
The controller structure for the modified one-cyclecontrolled ac-to-dc converter is shown in Fig. 8 . Referring to Fig. 2 and assuming the average value of the voltage across the boost inductor in a switching period to be zero, it can be shown that average voltages at nodes A, B, and C with respect to node N can be equated to the pertinent sinusoidal functions as [5] 
where
The emulated resistance R el represents the effective per-phase load resistance seen by the ac source, R s represents the gain of the current controllers employed for sensing the source currents, and i Ln (n = A, B, C) is the peak of the boost inductor currents. Therefore, the stability criterion remains the same as that of (20) wherein v S(peak) is to be replaced by v n(peak) , and R e is to be replaced by R el . The logic of generating the switching pulses for six switches of the converter is shown in Fig. 9 .
V. INVERTING MODE OF OPERATION
The proposed one-cycle-controller-based converter introduced in this paper can also negotiate loads supplying power back to the source. In this case, the converter would operate as an inverter. The conventional one-cycle-controller-based converter fails to operate in the inverting mode as the emulated resistance R e assumes a negative value. This also sets a negative value for V M . As a result, the slope of the sawtooth waveform reverses, which leads to instability in current controllability. The control structure of earlier schemes on one-cyclecontroller-based converter operating in the inverting mode [5] , [6] , [29] is fairly complicated, as it requires the knowledge of 60
• instants of the input voltage and positive and negative current reference vectors for modulation. In the proposed controller, the value R F is chosen based on (20) in such a way that V M assumes a positive magnitude for the minimum expected value of R e or R el as per (19) . The minimum value of R e or R el is decided by the maximum power that the converter is expected to feed back to the utility. If the aforementioned condition is ascertained, then i 0 (in the case of single phase) or i eff(n) (n = A, B, C) will be in phase with the respective utility voltage(s), although i S (in the case of single phase) or i Ln (n = A, B, C) is 180
• out of phase with respect to the phase voltage(s).
VI. LARGE SIGNAL MODEL AND ANALYSIS OF THE PROPOSED ONE-CYCLE-CONTROLLER-BASED CONVERTERS
A. Modified One-Cycle-Controlled Single-Phase Converter
As shown in Fig. 7 , the sum of the source current signal (R s i S ) and the fictitious current R s i F = (R s /R F )v S is compared with the sawtooth waveform to generate the switching pulses.
Referring to Fig. 7 , the change in current within a switching cycle is given by Substituting K 1 and K 2 from (1) and (2)
The change in the peak current between two switching cycles can be expressed as follows:
Referring to Fig. 7 and assuming that the change in the on-time (t 1 ) of the switch in two consecutive switching cycles is small, time t 1 and t 2 can be expressed as
Therefore, the difference (t 1 − t 2 ) can be expressed as follows:
From (27) and (28)
Combining (24) and (29) ∆i
Considering the switching time period T S to be small, (30) can be approximated and is given by (31). Considering v S to be a sinusoidal forcing function and neglecting the harmonic content in i S , the steady-state phasor form of (31) can be represented as (32), i.e.,
Based on (32), the steady-state phasor model of the system is depicted in Fig. 10 . From this phasor model, it can be in- 
B. Modified One-Cycle-Controlled Three-Phase Converter
The waveforms of the sum of phase currents and fictitious currents i nf = V n /R F (n = A, B, C) along with the sawtooth waveform are shown in Fig. 9 . i eff(n) is given as follows:
Moreover
The change in current in phase A is given by
Combining (33)-(35) and considering T S to be small, (35) can be approximated as
Considering V A to be a sinusoidal forcing function and neglecting the harmonic content in i A , the steady-state phasor form of (36) can be represented as follows:
Therefore, the input currents of the three phases are given bȳ
Based on (38), the steady-state phasor model of the system is depicted in Fig. 11 from which it can be inferred that if A small-signal model of the converter based on the modified one-cycle controller is derived to determine the transfer function v 0 (s)/v M (s) of the system. The treatment followed here is adapted from [28] . The averaged large signal model of the converter is shown in Fig. 12 . If the ac grid input voltage v S is expressed as
then the instantaneous output power averaged over a switching cycle T S p Total T S is given by
Now, p Total T S = P Load + P F , where P F represents the fictitious power due to the presence of R F in the controller. The output power consists of a constant term V 2 S /R eff and a term that varies with twice the frequency of the utility. These two terms are explicitly shown in Fig. 12(b) . As the closed-loop voltage controller is designed with low bandwidth (< 10 Hz), the second-harmonic component of the output voltage will be filtered out and, hence, is not seen by the controller. By averaging the model of Fig. 12(b) over one half of the ac line period, the model shown in Fig. 12(c) is obtained. This step removes the second-harmonic variation in the power expression [28] .
From Fig. 12(c) , the power at the input and output ports can be expressed as
where i 2 T 2L is the current, V O (t) T 2L is the dc link capacitor voltage, and P Total T 2L is the total power averaged over a half-line ac line period, as given in Fig. 12(c) .
/R eff . It may be noted that second-harmonic components are absent in the dc link capacitor voltage. Hence
The circuit model depicted in Fig. 12 (c) is time invariant but nonlinear. To linearize the system, small-signal perturbation is applied around a steady-state operating point so that
The Taylor series expansion of the function
Assuming line voltage V S to be constant, i.e., v S = 0, the above equation reduces to
The coefficients r 2 and j 2 are evaluated as follows:
where r 2 = −V 2 O /P Total , which is the load (output) incremental resistance, and
The small-signal linearized model of the system is shown in Fig. 12(d) , where
O . If the modified OCC converter is feeding a constant power load P Total , then the incremental resistance is given by −V 2 S /P Total [28] . It can be noted that this incremental resistance of a constant power load is equal in magnitude but opposite in polarity to that of a modified OCC converter. This incremental resistance of the modified OCC converter is r 2 = −V 2 S /P Total . The parallel combination of these two incremental resistances, i.e., V 2 S /P Total − V 2 S /P Total , tends to infinity. A small-signal block diagram for a constant power load is reduced to the equivalent circuit model shown in Fig. 12(e) . Therefore, the transfer function of the system is given by 
VIII. DESIGN OF PI CONTROLLER
The open-loop transfer function of the system is expressed as follows:
where K V is the attenuation factor for the output dc link voltage sensor, or
Hence, the plot of the logarithmic gain of the open-loop transfer function crosses the zero gain at the frequency A 1 rad/s. Assuming a closed-loop crossover frequency of F C rad/s and a phase margin of 45 • , the proportionality constant of the PI controller K P can be derived as follows:
A phase margin of 45
• can now be achieved by placing an inverted zero at F c . The integral gain K I of the PI controller can, therefore, be derived as
The PI controller is expected to accomplish the output voltage regulation and to give a zero steady-state error (between the actual voltage and its reference). The size of the inductor in the boost-converter-based rectifier is small, and its influence on the low-frequency components of the outer loop converter dynamics is negligible [28] . The inner high bandwidth control (one-cycle controller) system converts the inductor current into a current source, i.e., i L T S = V S · sin(ωt)/R eff . The bandwidth of the inner and outer loops is wide apart (a typical value of 10 kHz/10 Hz, i.e., 1000 : 1), so that the inductor impedance does not reflect in the outer loop small-signal model.
IX. SIMULATED PERFORMANCE
To predict the performance of the modified one-cycle controller proposed here, detailed simulation studies are carried out on the three-phase bidirectional ac-to-dc converter on a MATLAB/Simulink platform. The parameters chosen for this purpose are provided in Table I . The schematic power circuit diagram used for the study is depicted in Fig. 13 . The singlepole double-throw (SPDT) switch changes the mode of operation of the converter from rectifying to inverting as the switch position is changed from 2 to 1. When the converter is operating in the inverting mode, the average power fed back to the utility is given by
whereas in the rectifying mode, the power drawn from the utility is given by
Simulated waveforms of the conventional OCC-based threephase converter operating in the rectifying mode are provided in Fig. 14(a) . The dc side load is periodically changed from 10 kW to 100 W while the SPDT switch is in position 2. Trace 1 shows three-phase currents of the converter. Trace 2 shows phase A utility voltage and current, whereas trace 3 depicts V M . It can be seen that as the load on the converter reduces to a low value, the current drawn by the converter from the utility becomes uncontrollable, and the dc link voltage becomes unregulated. Fig. 14(b) shows the results of the proposed scheme for the same condition. It can be observed that the regions of instability in current at light load condition are absent, and the dc link voltage remains regulated. The operation of the modified onecycle-controller-based converter is made to swing between the inverting and rectifying modes of operation, and the simulated waveforms are shown in Fig. 14(c) . In this case, the dc side load on the converter is changed from −11 to +10 kW and back. From trace 3, it can be seen that the value of V M remains positive during the inverting mode of operation, ensuring stability over the whole operating range. As information regarding instantaneous utility voltages is required by the proposed controller, it may appear that distortions present in the utility voltage may affect the operation of the modified controller. The steady-state performance of the converter encountering this situation is emulated by deliberately introducing switching frequency harmonic distortions in the utility voltage. The simulated waveforms of one of the phase voltages and currents under this condition are shown in Fig. 14(d) . It can be noted that the converter operation is unaffected even in the presence of multiple zero crossings in phase voltages.
X. EXPERIMENTAL STUDIES
A 2-kW laboratory prototype of the proposed three-phase bidirectional one-cycle-controller-based ac-to-dc converter has been developed, the photograph of which is shown in Fig. 15 . The schematic power circuit of the experimental setup remains essentially the same as that of Fig. 13 . The components and the parameters chosen for this purpose are provided in Table II . Detailed experimental studies are carried out utilizing the prototype to confirm the viability of the proposed scheme. The performance comparison of the converter based on the conventional OCC and that based on the proposed scheme is depicted in Fig. 16 . The converter operates as a rectifier supplying 250 W at 400 V. Initially, the converter is operated utilizing the conventional OCC technique by making the signals v A , v B , and v C to be zero (refer to Fig. 8 ). At t = 160 ms, the control is transferred to the proposed one-cycle controller (by connecting the signals v A , v B , and v C ). It can be seen that in the case of the conventional OCC-based converter operation, the current control is lost as V M has become negative. Moreover, the controller is not able to regulate the dc link voltage. The dc link voltage is more than the reference value and is gradually increasing, showing that it has become uncontrollable. However, in the case of the proposed one-cycle-controller-based converter, V M is positive, and the controllability in the current and the dc link voltage is restored. The mode of operation of the proposed converter is changed from inverting to rectifying, and the recorded waveforms are shown in Fig. 17 . The active load on the dc side for the inverting mode of operation is maintained at −1400 W, whereas for the rectifying mode, it is +1000 W. The results show that the performance of the converter during the changeover is satisfactory, and the instability in current controllability is absent. Fig. 18(a) shows one of the utility voltages and input currents of the three phases and the harmonic spectrum of phase A current for the rectifying mode of operation. The same quantities for the inverting mode of operation are shown in Fig. 18(b) . It can be noted from the harmonic spectrum that all the low-order harmonics are absent in the input current of the converter, and the total harmonic distortion (THD) of the current is found to be less than 4%, in the range of half to full load when the utility voltage is having a THD of around 2%.
As the information regarding instantaneous utility voltages is required by the controller, it may appear that the distortions present in the utility voltage may affect the operation of the proposed controller. The steady-state performance of the converter encountering this situation is emulated by deliberately introducing harmonic distortions in the utility voltage. This is achieved by connecting 50-µH inductors in series with the source. Due to the presence of switching frequency harmonics in the current drawn by the converter, the utility voltages get distorted. These distorted voltages are fed to the proposed controller of the converter for generating the fictitious currents. The measured waveforms of three utility voltages and phase A current under this situation for the rectifying mode of operation are shown in Fig. 19(a) . It can be noted that, although the utility voltages have multiple zero crossings, the operation of the converter is not affected by them.
The efficiency of the proposed converter and the THD of the source current are measured for various load conditions by employing Voltech power analyzer, PM3000A. The plots showing the variation of efficiency and the THD of the converter operating in rectifying and inverting modes are shown in Fig. 20(a) and (b) , respectively. The full load efficiency of the system is found to be 97.85% for the rectifying mode of operation and 96.58% for the inverting mode of operation.
XI. CONCLUSION
A modified one-cycle controller for a bidirectional threephase boost ac-to-dc converter is proposed. The inherent limitations of the conventional OCC-based converter, such as instability in current controllability at a light load and the inverting mode of operation, are overcome in the proposed scheme. This feature is incorporated without requiring the knowledge of 60
• angular sectors and other details of the utility voltage. In addition, the service of analog multiplexers and the synthesis of positive and negative reference voltage vectors are also not required. The overall control structure is simple. Detailed simulation studies are carried out to verify the effectiveness of the scheme. The viability of the scheme is confirmed through detailed experimental studies. Instants depicting intersections among the sawtooth waveform with three-phase currents drawn at a particular switching cycle, wherein i A > i B > i C , are shown in Fig. 21 . Considering R s = 1, the duration for which i A , i B , and i C are less than the sawtooth waveform is t 1 , whereas t 4 is the duration for which i A , i B , and i C are greater than the sawtooth waveform. The duration for which only i A is greater than the sawtooth is t 2 , whereas t 3 is the duration for which only i c is less than the sawtooth waveform. The slopes of the source currents of each phase n (where n is A, B, or C) for the time durations t 1 , t 2 , t 3 , and t 4 are K 1n , K 2n , K 3n , and K 4n , respectively, and are listed in Table III . Since the utility considered is a three-phase three-wire system
where I A , I B , and I C denote the magnitude of i A , i B , and i C at the instants where they intersect with the falling slope of the sawtooth waveform. The change in the phase A current, i.e., ∆i A , during a switching cycle (∆t = T S ) is given by
Combining (55) and (56), and using (54)
Substituting K 3 from (11) and considering the switching time period to be small, (57) can be approximated as
Considering v A to be a sinusoidal forcing function and neglecting the harmonic content of i A , the steady-state phasor form of (58) can be approximated for phase A as follows:
Therefore, three-phase source currents can be represented as
As ωL n is considerably small compared to the ratio of V O and V M , (60) can be approximated as follows:
Considering the gain of current sensors utilized for measuring source currents to be R s , (61) can be expressed as
The power drawn by the three-phase one-cycle-controlled ac-to-dc converter can, therefore, be expressed as follows:
